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The  understanding  of  the  degradation  mechanisms  of  electrocatalysts  is  very  important  for  develop¬ 
ing  durable  electrocatalysts  for  polymer  electrolyte  membrane  (PEM)  fuel  cells.  The  degradation  of  Pt/C 
electrocatalysts  under  potential-static  holding  conditions  (at  1.2  V  and  1.4  V  vs.  RHE)  and  potential  step 
conditions  with  the  upper  potential  of  1.4  V  for  150  s  and  lower  potential  limits  (0.85  V  and  0.60  V)  for  30  s 
in  each  period  [denoted  as  Pstep(1.4V_150s-0.85V_30s)  and  Pstep(1.4V_150s-0.60V_30s),  respectively] 
were  investigated.  The  electrocatalysts  and  support  were  characterized  with  electrochemical  voltamme¬ 
try,  transmission  electron  microscope  (TEM)  and  X-ray  photoelectron  spectroscopy  (XPS).  Pt/C  degrades 
much  faster  under  Pstep  conditions  than  that  under  potential-static  holding  conditions.  Pt/C  degrades 
under  the  Pstep(1.4V_150s-0.85V_30s)  condition  mainly  through  the  coalescence  process  of  Pt  nanopar¬ 
ticles  due  to  the  corrosion  of  carbon  support,  which  is  similar  to  that  under  the  conditions  of  1.2  V-  and 
1.4V-potential-static  holding;  however,  Pt/C  degrades  mainly  through  the  dissolution/loss  and  dissolu¬ 
tion/redeposition  process  if  stressed  under  Pstep(  1.4V_150s-0.60V_30s).  The  difference  in  the  degradation 
mechanisms  is  attributed  to  the  chemical  states  of  Pt  nanoparticles:  Pt  dissolution  can  be  alleviated  by  the 
protective  oxide  layer  under  the  Pstep(1.4V_150s-0.85V_30s)  condition  and  the  potential-static  holding 
conditions.  These  findings  are  very  important  for  understanding  PEM  fuel  cell  electrode  degradation  and 
are  also  useful  for  developing  fast  test  protocol  for  screening  durable  catalyst  support  materials. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  the  research  and  development  (R&D)  of  polymer  elec¬ 
trolyte  membrane  (PEM)  fuel  cells  and  the  component  materials 
have  shifted  from  their  short-term  performance  to  the  durability 
and  reliability  to  make  fuel  cells  cost  competitive  [1-3].  Electrocat¬ 
alysts  and  support  materials  are  one  of  the  most  important  factors 
that  influence  both  the  durability  and  cost  of  PEM  fuel  cells  [2]. 
Much  effort  has  been  devoted  to  developing  novel  durable  cata¬ 
lyst  materials  and  elucidating  the  underlying  nature  of  materials 
degradation  in  PEM  fuel  cells  [1,2].  Presently,  the  most  widely  used 
electrocatalysts  are  still  Pt-based  ones.  It  has  been  found  that  Pt 
alloyed  with  other  transition  metals  can  improve  both  the  activity 
and  durability  of  electrocatalysts  as  compared  with  pure  Pt  [4,5]. 
Another  method  to  produce  a  durable  electrocatalyst  is  to  disperse 
catalytic  metals,  such  as  Pt  nanoparticles,  onto  durable  supports 
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[2],  such  as  carbon  nanotubes  [6-9],  doped  carbon  nanostructures 
[10,11],  conductive  diamonds  [12],  metal  oxides  [13,14]. 

To  understand  the  degradation  mechanisms  is  one  important 
issue  in  searching  for  durable  electrocatalysts  and  much  work  has 
been  done  on  it  [2].  The  degradation  of  electrocatalysts  in  PEM 
fuel  cells  can  be  divided  into  two  aspects  [2]:  the  corrosion  of 
catalyst  support  and  the  sintering  of  catalytic  metals  (Pt  and  Pt 
alloys),  and  the  two  factors  influence  each  other:  the  catalytic 
metal  Pt  catalyzes  the  oxidation  of  carbon  [15],  and  the  oxidation 
of  carbon  accelerates  Pt  sintering  [6].  At  present,  Pt  nanoparticles 
are  usually  deposited  on  porous  carbon  with  high  specific  surface 
area  to  produce  electrocatalysts.  The  thermodynamic  potential  for 
the  electrochemical  oxidation  of  carbon  at  standard  conditions  is 
0.207  V,  which  means  that  the  electrochemical  corrosion  of  the 
carbon  is  possible  above  0.2  V  [2].  It  is  known  that,  in  PEM  fuel 
cells,  cathodes  usually  see  electrode  potentials  of  larger  than  0.6  V, 
sometimes  even  as  high  as  1.4  V  [16,17].  It  has  been  observed  that 
surface  oxides  [18,19]  and  C0/C02  [20,21]  were  produced  on  car¬ 
bon  when  carbon  materials  or  carbon-supported  catalysts  were 
electrochemically  stressed  under  real  or  simulated  PEM  fuel  cell 
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conditions  [22].  When  carbon  support  was  gasified  into  C0/C02,  Pt 
nanoparticles  detached  from  the  support  and  lost  catalytic  activ¬ 
ity  [22];  if  surface  oxides  were  formed  on  carbon  support,  the 
interaction  between  Pt  nanoparticles  and  the  support  might  be 
weakened,  which  makes  it  easy  for  Pt  nanoparticles  to  move,  accel¬ 
erating  the  sintering  of  Pt  [6].  The  mechanisms  for  Pt  nanoparticle 
sintering  on  carbon  support  are  more  complex  and  more  diffi¬ 
cult  to  elucidate  than  that  for  carbon  corrosion.  According  to  the 
available  reports  on  the  study  of  the  degradation  mechanisms, 
Pt  electrocatalysts  degrade  through  several  pathways  [2]:  (i)  the 
loss  of  Pt  from  catalytically  active  sites  in  PEM  fuel  cell  electrodes, 
for  example,  Pt  nanoparticles  detach  from  carbon  support  [22],  Pt 
atoms  dissolve  and  diffuse  into  Nation  membrane  [23]  or  the  liq¬ 
uid  electrolyte  solution  [24],  which  is  called  the  dissolution/loss 
process;  (ii)  Pt  nanoparticle  size  increases  due  to  the  coalescence 
and  the  dissolution/redeposition  process  [24].  The  degradation  of 
electrocatalysts  is  largely  dependent  on  the  electrochemical  stress¬ 
ing  conditions.  The  detailed  mechanism  is  still  a  controversial 
topic  [2,24]. 

The  investigation  on  the  durability  of  PEM  fuel  cell  electrocata¬ 
lysts  is  a  time-consuming  and  complex  task.  To  test  the  durability 
of  electrocatalysts  in  a  real  normally  working  PEM  fuel  cell  is  inef¬ 
ficient,  if  not  impossible,  because  the  life  requirement  for  PEM 
fuel  cells,  thus  the  electrocatalysts,  is,  for  example,  >5000  h  for 
transportation  and  >40,000  h  for  stationary  application  [22].  There¬ 
fore,  the  so-called  accelerated  degradation  test  (ADT)  is  developed 
[6,20,25],  in  which  the  electrocatalysts  were  held  at  a  constant 
potential  or  potential  cycling  for  a  certain  time  scale  under  a 
simulated  PEM  fuel  cell  condition,  and  then  the  degraded  elec¬ 
trocatalysts  were  analyzed  to  obtain  the  detailed  information  to 
elucidate  the  nature  of  the  degradation  [1,2].  Even  though,  to  test 
the  durability  of  electrocatalysts  usually  takes  about  100-200  h, 
especially  for  studying  the  durability  of  catalyst  support  materials 
[  1  ].  The  current  test  protocol  for  electrocatalyst  durability  study  still 
needs  further  improvement  for  fast  screening  durable  candidate 
materials. 

In  this  research,  we  studied  the  degradation  behavior  of  carbon- 
supported  Pt  nanoparticle  catalyst  under  various  electrochemical 
stressing  conditions  with  the  emphasis  on  catalyst  support  cor¬ 
rosion,  which  is  aimed  to  develop  a  novel  test  protocol  that  can 
closely  mimic  PEM  fuel  cell  working  conditions  for  fast  screening 
durable  electrocatalyst  supports.  We  choose  the  standard  electro¬ 
catalyst,  carbon  black-supported  Pt  nanoparticles  (Pt/C),  so  that  the 
findings  in  this  work  are  widely  applicable  to  other  electrocatalyst 
systems. 

2.  Experimental 

2  A.  Preparation  of  testing  electrodes 

10  mg  carbon-supported  Pt  catalyst  (ETek  20  wt%  Pt/C)  was  dis¬ 
persed  in  5  mL  mixed  solution  of  ethanol  and  45  |xL  5.0  wt%  Nation, 
and  ultrasonicated  to  form  a  uniform  black  ink  with  the  catalyst 
concentration  of  2mgmL_1.  The  thin-film  rotating  disk  electrode 
(TF-RDE)  was  prepared  by  applying  6.0  [xL  of  the  well-dispersed 
catalyst  ink  onto  polished  glassy-carbon  (GC)  disk  (5  mm  in  diam¬ 
eter)  [26].  After  dried  at  room  temperature,  the  catalyst  was  well 
dispersed  on  the  glassy-carbon  disk,  covering  all  the  surface  of  glass 
carbon  (Nation  is  added  in  the  catalyst  layer  to  closely  mimic  a  real 
PEM  fuel  cell  condition).  The  total  loading  of  Pt/C  catalyst  was  12  [xg 
(2.4  |xg  Pt).  Finally,  10  |xL  0.1%  Nation  solution  was  applied  onto  the 
surface  of  the  catalyst  layer  to  form  a  thin  film  protecting  catalyst 
particles  from  detaching  from  the  catalyst  layer  during  the  long¬ 
term  test.  Before  test,  the  TF-RDE  was  dried  at  room  temperature 
overnight. 


2.2.  Electrochemical  test 

The  Pt/C  TF-RDE  was  first  activated  with  cyclic  voltammetry  (CV, 
0-1.1  V  at  50mVs-1)  in  Argon  gas  purged  0.5  M  H2S04  solution 
until  a  steady  CV  was  obtained.  The  CV  was  also  used  to  deter¬ 
mine  the  electrochemical  surface  area  (ESA)  of  Pt  [27,28].  A  Pt 
wire  counter-electrode  and  an  Hg/Hg2S04  reference  electrode  were 
used  in  a  standard  three-electrode  electrochemical  cell  controlled 
with  a  CHI660A  electrochemical  workstation  (CH  Instruments,  Inc., 
USA). 

All  the  tests  were  conducted  at  room  temperature.  All  potentials 
were  reported  versus  reversible  hydrogen  electrode  (RHE). 

2.3.  Material  characterization 

The  TEM  images  of  the  catalysts  were  taken  using  a  JEOL  TEM 
2010  microscope  equipped  with  an  Oxford  ISIS  system.  The  oper¬ 
ating  voltage  on  the  microscope  was  200  keV.  All  images  were 
digitally  recorded  with  a  slow-scan  CCD  camera. 

The  XPS  measurements  were  obtained  by  the  Physical  Electron¬ 
ics  Quantum  2000  Scanning  ESCA  Microprobe.  This  system  used 
a  focused  monochromatic  aluminum  Ka  X-ray  (1486.6  eV)  source 
and  a  spherical  section  analyzer.  The  X-ray  beam  used  was  a  100  W, 
100-mm  diameter  beam  rastered  over  a  1.3-mm  by  0.2-mm  area 
on  the  sample.  Wide-scan  data  were  collected  using  a  pass  energy 
of  117.4  eV.  For  the  Ag3d 5/2  line,  these  conditions  produced  a  full 
width  at  half  maximum  of  1.6  eV.  High-energy  photoemission  spec¬ 
tra  were  collected  using  a  pass  energy  of  23.95  eV.  For  the  Ag3d5/2 
line,  these  conditions  produced  a  FWHM  of  0.80  eV.  The  binding- 
energy  scale  was  calibrated  using  Cu2p 3/2  at  932.62  ±  0.05  eV  and 
Au4f  at  83.96  ±  0.05  eV. 

The  samples  were  dried  in  vacuum  before  XPS  test. 

3.  Results  and  discussions 

The  durability  of  PEM  fuel  cell  catalyst  support  was  usually 
tested  with  an  accelerated  degradation  protocol  in  which  the  cata¬ 
lysts  (or  only  support  materials)  were  held  at  the  fixed-potential 
of  about  1.2  V  for  a  certain  time  scale  in  acid  solution  followed 
with  the  characterization  of  the  catalysts  (or  support  materials) 
[  1,2  ].  By  comparing  the  properties  and  performance  of  the  catalysts, 
the  degradation  information  about  the  catalysts  and  their  support 
materials  can  be  obtained  [6,18,29].  Here,  we  also  tested  Pt/C  under 
1.2  V  potential  holding  for  120  h  [donated  as  Pstat(1.2V)]  as  refer¬ 
ence.  To  further  accelerate  the  degradation  of  the  catalyst  support  in 
order  to  fast  screen  the  candidate  support  materials,  we  employed 
a  more  corrosive  test  method  by  holding  the  catalyst  at  1.4  V 
[Pstat(  1.4V)].  The  potential  step  with  the  upper  potential  of  1.4  V  for 
150  s  and  the  lower  potential  limits  (0.60  V,  0.85  V)  for  30  s  in  each 
period  was  also  employed  [denoted  as  Pstep(1.4V_150s-0.60V_30s 
and  Pstep(1.4V_150s-0.85V_30s),  respectively].  The  upper  potential 
limit  was  chosen  to  be  1.4  V  due  to  the  following  considerations :  ( 1 ) 
1.4  V  is  close  to  the  PEM  fuel  cell  cathode  potential  in  the  condition 
of  the  reverse  current  [16]  and  local  fuel  starvation  [22,30],  at  which 
the  corrosion  of  carbon  support  is  severe;  (2)  1.4  V  is  almost  the 
highest  potential  without  causing  oxygen  evolution,  otherwise  the 
oxygen  evolution  gas  might  mechanically  detach  catalyst  particles 
from  the  electrode;  (3)  at  1.4  V,  the  dissolution  of  Pt  was  consid¬ 
ered  to  be  suppressed  due  to  the  further  passivation  from  Pt  surface 
oxides  [31  ],  compared  with  that  in  the  potential  range  of  1.1 -1.3  V 
[32].  The  lower  potential  limits  of  0.60  V  and  0.85  V  are  close  to  the 
cathode  potential  of  normally  working  PEM  fuel  cells. 

Fig.  1  shows  representative  TEM  images  of  Pt/C  before  and  after 
the  degradation  under  various  conditions.  The  TEM  image  of  the 
original  Pt/C  (Fig.  la)  shows  a  high  dispersion  of  Pt  nanoparticles. 
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Fig.  1.  Representative  TEM  images  of  (a)  original  Pt/C,  and  the  degraded  Pt/C  under  the  conditions  of  (b)  Pstat(1.2V)-120h,  (c)  Pstat(1.4V)-120h,  (d) 
Ptep(  1.4V_150s-0.85V_30s)-20h,  and  (e)  Pstep(1.4V_150s-0.60V_30s)-8h.  (Note:  Pstat(1.2V)  means  “potential-static  holding  at  1.2  V”,  Pstep(1.4V_150s-0.85V_30s)  means 
“potential  step  with  the  upper  potential  of  1.4  V  for  150  s  in  each  period  and  the  lower  potential  limit  of  0.85  V  for  30  s  in  each  period”,  and  so  on). 


After  the  degradation,  Pt  particle  sizes  increase  obviously 
(Fig.  lb-e);  in  the  image  (e),  a  relatively  uniform  dispersion  of  Pt 
particles  is  observed  with  few  larger  particles  compared  with  those 
in  the  image  (b),  (c),  and  (d).  From  TEM  images  (6-7  images  for  each 
sample),  the  histograms  of  Pt  particle  size  distribution  are  obtained 
and  shown  in  Fig.  2.  The  volume/area  averaged  diameters  of  Pt 
particles  calculated  from  TEM  images  [24,29]  and  the  ESA  of  Pt  cal¬ 
culated  from  hydrogen  adsorption/desorption  CV  in  Ar-saturated 
0.5  M  FI2SO4  solution  [27,28,33 ]  are  shown  in  Table  1 .  The  chemical 
surface  area  (CSA,  cm2)  of  catalysts  calculated  using  the  following 
equation  [29,34]  is  also  shown  in  Table  1. 


where  m  is  the  mass  loading  of  Pt  on  the  electrode,  p  is  the  density  of 
Pt  (21.4 gem-3)  and  d  (nm)  is  the  calculated  volume/area  averaged 
diameter  of  the  Pt  particles. 

It  can  be  observed  from  Fig.  2  and  Table  1  that,  as  expected, 
Pt  nanoparticles  in  original  Pt/C  sample  have  a  narrow  size  dis¬ 
tribution  with  an  average  size  of  3.12  nm;  Pt  particles  in  the 
degraded  samples  under  the  conditions  of  (b)  Pstat(1.2V)-120h,  (c) 
Pstat(1.4V)-120h,  and  (d)  Pstep(1.4V_150s-0.85V_30s)-20h  exhibit 
a  wide  size  distribution  with  a  distinctive  tail  toward  the  large 


size  in  the  histograms,  and  the  average  size  of  Pt  nanoparticles 
are  4.54  nm,  5.24  nm,  and  4.75  nm,  respectively.  In  the  case  of 
(e)  Pstep(1.4V_150s-0.60V_30s)-8h,  Pt  particles  show  an  average 
size  of  3.84  nm  and  the  size  distribution  is  wider  than  that  of 
original  sample  but  narrower  than  that  of  the  degraded  samples 
under  above  (b),  (c),  (d)  conditions.  It  should  be  noted  that  the 
number  of  Pt  nanoparticles  smaller  than  1.0  nm  in  the  case  of 
(e)  was  greatly  decreased  (even  smaller  Pt  nanoparticles  disap¬ 
peared).  Table  1  shows  that  the  percentages  of  the  degradation  in 
ESA  under  the  condition  of  (b),  (c)  and  (d)  are  almost  the  same 
as  that  in  CSA,  respectively,  which  implies  that  the  degradation 
in  the  ESA  is  mainly  due  to  Pt  particle  size  increase  in  the  case 
of  (b),  (c)  and  (d)  (see  below  for  details).  Flowever,  in  the  case  of 
(e)  Pstep(1.4V_150s-0.60V_30s)-8h,  the  degradation  percentage  of 
CSA  is  only  about  half  of  the  degradation  percentage  of  ESA,  indicat¬ 
ing  that  some  factors  other  than  Pt  particle  size  increase  contribute 
to  the  degradation  of  ESA. 

Even  though  the  detailed  mechanism  is  still  a  controversial 
topic,  two  kinds  of  processes  are  considered  to  contribute  to  the 
degradation  of  Pt  catalysts  (ESA)  [1,2,24,35],  which  can  be  sum¬ 
marized  as  the  following:  One  is  the  electrochemical  process,  in 
which  Pt  is  dissolved  to  form  Pt  ions  (Ptx+).  One  part  of  the  dis¬ 
solved  Pt  goes  into  the  solution  by  long-range  diffusion  (in  acid 


Table  1 

The  physical  properties  of  Pt/C  electrocatalysts  before  and  after  degradation 


Test  protocol 

ESA1  (cm2) 

ESA2  (cm2) 

ESA2  (%) 

dl  (nm) 

d2  (nm) 

CSA1  (cm2) 

CSA2  (cm2) 

CSA2  (%) 

Pstat(1.2V)-120h 

2.11 

1.49 

70.6 

3.12 

4.54 

2.156 

1.48 

68.7 

Pstat(1.4V)-120h 

2.17 

1.26 

58.2 

3.12 

5.24 

2.156 

1.28 

59.5 

Pstep(  1.4-0. 85V)-20h 

1.96 

1.27 

64.8 

3.12 

4.75 

2.156 

1.42 

65.7 

Pstep(  1.4-0.60V)-8h 

2.01 

1.22 

60.5 

3.12 

3.84 

2.156 

1.75 

81.2 

Note :  Pt  loading  2.4  p,g.  ESA1,  dl  and  CSA1  are,  respectively  the  electrochemical  surface  area,  the  volume/area  averaged  diameter  from  TEM  images,  and  chemical  surface 
area  of  original  samples,  and  the  ESA2,  d2,  and  CSA2  are  the  corresponding  values  of  the  post-degradation  samples. 
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Fig.  2.  Histograms  of  Pt  nanoparticle  size  distribution  for  the  samples  before  and  after  the  degradation  under  various  conditions:  (a)  original  Pt/C,  and  the  degraded  Pt/C 
under  the  conditions  of  (b)  Pstat(1.2V)-120h,  (c)  Pstat(1.4V)-120h,  (d)  Ptep(1.4V_150s-0.85V_30s)-20h,  and  (e)  Pstep(1.4V_150s-0.60V_30s)-8h. 


solution  test  condition)  or  into  the  PEM  (in  a  real  PEM  fuel  cell 
test  condition),  the  other  part  of  the  dissolved  Pt  ions  near  the  sur¬ 
face  of  Pt  particles  redeposit  onto  Pt  particles;  the  dissolution  of 
Pt  usually  occurs  at  high  electrode  potentials  and  the  redeposition 
usually  takes  place  at  low  potentials.  The  dissolution/redeposition 
contributes  to  Pt  particle  size  increase.  The  other  kind  of  process 
is  the  physical  one,  which  includes  several  situations:  the  first  one 
is  the  migration/coalescence  process  of  Pt  nanoparticles  on  sup¬ 
port  surface,  which  contributes  to  Pt  particle  size  increase;  the 
second  one  is  that  Pt  nanoparticles  detached  from  catalyst  sup¬ 
port,  one  part  of  the  detached  Pt  particles  leave  the  support  and 
lose  activity,  the  other  part  of  the  detached  Pt  particles,  which 


are  very  close  to  each  other,  might  coalesce  to  form  large  parti¬ 
cles.  If  the  migration/coalescence  process  is  the  main  reason  for 
the  degradation  of  the  catalyst,  the  degradation  in  ESA  and  CSA 
should  be  almost  the  same  because  the  contributing  factors  (Pt  par¬ 
ticle  size  increase)  for  the  degradation  of  the  ESA  and  the  CSA  are 
the  same,  which  corresponds  to  (b),  (c)  and  (d)  in  Figs.  1  and  2; 
if  Pt  dissolution  is  prominent,  whether  part  of  it  redeposit  onto 
Pt  particles  or  not,  the  degradation  percentage  in  ESA  should  be 
larger  than  that  for  CSA  due  to  the  net  loss  of  Pt  from  the  elec¬ 
trode,  as  observed  in  the  case  of  (e).  Pt  particle  shape  and  particle 
size  distribution  of  the  degraded  catalyst  should  also  be  differ¬ 
ent  for  the  migration/coalescence  and  the  dissolution/redeposition 
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E  /  V  vs.  RHE 

Fig.  3.  The  linear  sweep  voltammetry  (LSV)  on  Pt/C  electrocatalyst  electrodes  with 
various  preconditionings  (“Pre.  1.4V_150s”  means  “preconditioned  at  1.4  V  for  150  s”; 
“Pre.  1.4V_150s-0.90V_30s”  means  “preconditioned  using  the  potential  step  with  the 
upper  potential  of  1.4  V  for  150  s  and  the  lower  potential  limit  of  0.90  V  for  30  s”;  and 
so  on). 

mechanisms  [2,24,35]:  the  former  process  usually  produces  Pt  par¬ 
ticles  with  a  non-spherical  shape  and  much  larger  particles,  and 
the  size  distribution  is  wide  (with  a  tail  at  large  size),  as  observed 
in  (b),  (c),  (d)  in  Figs.  1  and  2;  and  the  dissolution/redeposition  pro¬ 
cess  usually  produces  spherically  shaped  Pt  particle  and  the  size 
distribution  is  narrow  with  the  number  of  smaller  particle  greatly 
decreased  or  disappeared,  both  of  which  are  due  to  the  tendency  of 
minimizing  surface  energy,  which  corresponds  to  the  case  of  (e)  in 
Figs.  1  and  2.  By  comparing  the  TEM  images,  the  size  distribution 
and  the  degradation  percentage  in  ESA  and  CSA  of  each  samples, 
it  is  reasonable  to  propose  that  the  degradation  mechanisms  of 
Pt/C  under  the  condition  of  Pstat(1.2V)-120h,  Pstat(1.4V)-120h  and 
Pstep(1.4V_150s-0.85V_30s)-20h  are  similar  which  are  mainly  due 
to  the  migration/coalescence  process,  so  they  are  almost  equal  in 
evaluating  the  durability  of  electrocatalysts;  the  degradation  of 
Pt/C  under  Pstep(  1.4V_150s-0.60V_30s)-8h  condition  is  mainly  due 
to  the  dissolution/loss  and  the  dissolution/redeposition  mecha¬ 
nism  (the  migration/coalescence  mechanism  cannot  be  completely 
excluded). 

In  order  to  get  an  elucidation  of  the  underlying  reasons  for 
the  different  degradation  mechanisms,  we  carried  out  the  lin¬ 
ear  sweep  voltammetry  (LSV)  on  Pt/C  electrode  with  various 
preconditioning,  as  shown  in  Fig.  3.  A  clear  reduction  current 
peak  can  be  observed  around  0.70  V  in  the  LSV,  which  is  due 
to  the  reduction  of  Pt  surface  oxides.  For  the  samples  pre¬ 
conditioned  at  Pstat(1.4V_150s),  Pstep(1.4V_150s-0.90V_30s)  and 
Pstep(1.4V_150s-0.85V_30s),  the  reduction  peaks  were  similar,  and 
for  Pstep(1.4V_150s-0.80V_30s)  and  Pstep(1.4V_150s-0.60V_30s), 
the  reduction  peaks  were  greatly  suppressed.  This  indicates:  when 


the  electrode  was  held  at  1.4V_150s,  surface  oxides  were  formed  on 
Pt  particle  surface;  when  the  electrode  potential  was  stepped  from 
1.4  V  to  the  potentials  above  0.85  V(0.90V_30s  and  0.85V_30s),  sur¬ 
face  oxides  were  rarely  reduced,  while  a  relatively  larger  amount  of 
Pt  surface  oxides  were  reduced  when  the  electrode  was  stepped 
to  the  potentials  below  0.85  V  (0.80V_30s  and  0.60V_30s).  This 
means  that,  under  the  condition  of  Pstep(  1.4V_150s-0.85V_30s)  and 
Pstep(1.4V_150s-0.90V_30s),  Pt  surface  was  constantly  passivated 
by  surface  oxides,  so  the  dissolution  of  Pt  was  greatly  suppressed 
[32];  under  the  condition  of  Pstep(1.4V_150s-0.60V_30s),  the  elec¬ 
trode  was  periodically  switched  between  passivated  state  and 
activated  state,  i.e.,  when  the  electrode  was  switched  to  0.60  V, 
Pt  surface  oxides  were  reduced  and  freshly  produced  Pt  atoms 
covered  the  surface  of  Pt  particles,  the  subsequent  switch  of  the 
electrode  potential  to  1.4  V  (in  the  sequent  potential  step)  leads 
to  Pt  dissolution  until  Pt  surface  was  repassivated.  The  cycle  of 
passivation/activation  (oxidation/reduction)  of  Pt  particles  during 
Pstep(1.4V_150s-0.60V_30s)  accelerated  Pt  dissolution  and  redepo¬ 
sition  [32]. 

The  degradation  rate  of  Pt/C  was  enhanced  under 
Ptep(1.4V_150s-0.85V_30s)  condition  as  compared  with  that 
under  the  condition  of  potential-static  holding  at  1.4  V  even 
though  the  degradation  mechanisms  are  similar  under  these 
conditions.  We  need  to  make  a  study  on  why  the  degradation  rate 
is  accelerated  under  potential  step  condition. 

Fig.  4  presents  the  i-t  plots  of  Pt/C  electrode  under  the  conditions 
of  Pstat(1.4V)  and  Pstep(1.4V_150s-0.85V_30s).  It  can  be  seen  that 
the  oxidation  current  under  potential  step  condition  (if  averaged) 
is  much  larger  than  that  under  potential-static  condition  (the  fast 
charging  due  to  the  electrochemical  double  layer  can  be  limited  to 
the  first  few  seconds  in  each  period),  which  means  the  oxidation  of 
carbon  support  was  accelerated  under  Pstep(1.4V_150s-0.85V_30s) 
condition. 

Pt/C  before  and  after  the  degradation  were  characterized  with 
XPS,  which  tells  the  total  surface  oxygen  content  of  carbon  sup¬ 
port:  the  higher  the  surface  oxygen  content,  the  higher  the 
oxidation  degree  of  carbon  support  [6,18,19,36].  Fig.  5  show  that 
wide-scan  XPS  spectra  and  the  surface  oxygen  content,  which 
was  calculated  using  the  high-energy  XPS  (Cls  and  Ols)  [6].  It 
clearly  shows  that  the  surface  oxygen  content  increases  from  3.3% 
to  8.8%  and  12.5%  for  the  sample  after  the  degradation  under 
potential-static  condition  and  potential  step  condition,  respec¬ 
tively.  Fig.  6  shows  that  Cls  spectra  of  each  sample.  The  shoulder 
in  the  binding-energy  range  of  carbon  bound  with  surface  oxygen 
was  enhanced  after  degradation,  which  is  higher  for  the  poten¬ 
tial  step  condition.  XPS  data  shows  that  the  oxidation  of  carbon 
support  was  accelerated  under  potential  step  condition.  Carbon 
support  could  also  be  oxidized  into  C02/CO  under  the  degrada¬ 
tion  conditions  [2,21],  but  the  amount  of  C02/CO  was  too  small 
to  be  measured  due  to  the  very  low  loading  of  catalysts  on  the 
TF-RDE.  The  electrochemical  i-t  plots  and  XPS  were  employed  to 


Fig.  4.  The  i-t  plots  of  Pt/C  electrodes  under  the  conditions  of  Pstat(1.4V)  (dashed  black)  and  Pstep(1.4V_150s-0.85V_30s)  (solid  blue).  (For  interpretation  of  the  references  to 
color  in  the  figure  caption,  the  reader  is  referred  to  the  web  version  of  the  article.) 
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Fig.  5.  The  wide-scan  XPS  spectra  of  Pt/C  electrocatalysts  before  (a)  and 
after  the  degradation  under  the  conditions  of  (b)  Pstat(1.4V)-120h  and  (c) 
Pstep(1.4V_150s-0.85V_30s)-20h. 

study  the  oxidation  of  carbon  support  which  gave  the  same  con¬ 
clusion  on  the  influence  of  electrochemical  stressing  conditions 
on  the  oxidation  of  carbon  support:  the  electrochemical  stressing 
condition  with  potential  step  accelerated  the  corrosion  of  carbon 
support  in  Pt/C.  This  might  be  the  main  reason  that  the  degradation 
rate  of  Pt/C  is  higher  under  Pstep(1.4V_150s-0.85V_30s)  than  that 
under  Pstat(1.4V)  although  they  are  under  the  similar  degradation 
mechanisms. 

These  findings  can  be  employed  to  develop  a  novel  test  proto¬ 
col  for  fast  screening  durable  catalyst  support.  As  stated  above,  to 
test  the  durability  of  catalyst  and  support  in  a  real  normally  work¬ 
ing  PEM  fuel  cell  is  inefficient.  To  hold  the  supported  catalyst  or 
the  pure  support  material  at  a  fixed-potential  (usually  1.0-1.2V 
RHE)  is  the  most  widely  used  approach  to  study  the  support  dura- 


Fig.  6.  High-energy  Cls  XPS  spectra  of  Pt/C  electrocatalysts  before  and  after  the 
degradation  under  various  conditions. 


bility  [6,19,29,37,38],  but  it  takes  several  days  or  more  to  observe 
the  obvious  degradation  of  the  catalyst.  For  example,  as  shown  in 
Table  1 ,  to  degrade  the  ESA  of  the  catalysts  by  ~30%  takes  120  h  (one 
week)  if  using  Pstat(1.2V)  method,  but  less  than  20  h  is  required 
if  using  our  Pstep(1.4V_150s-0.85V_30s)  method.  As  shown  above, 
these  two  methods  are  equal  in  evaluating  the  durability  of  catalyst 
support.  The  Pstep(  1.4V_150s-0.85V_30s)  method  can  be  employed 
to  replace  the  widely  used  potential-static  holding  method  [1,2]  in 
fast  screening  durable  catalyst  support  materials. 

4.  Conclusions 

To  elucidate  the  mechanisms  for  the  degradation  of  electro¬ 
catalysts  is  very  important  for  developing  durable  electrocatalysts 
for  PEM  fuel  cell.  The  degradation  of  Pt/C  depends  on  the 
electrochemical  stressing  conditions,  in  terms  of  both  degrada¬ 
tion  rates  and  mechanisms.  Pt/C  electrocatalysts  degrade  faster 
under  potential  step  conditions  [Pstep(1.4V_150s-0.85V_30s)  and 
Pstep(1.4V_150s-0.60V_30s)]  than  that  under  potential-static  hold¬ 
ing  conditions  (1.2  V  and  1.4  V),  which  is  attributed  to  the  enhanced 
corrosion  of  carbon  support  under  Pstep(1.4V_150s-0.85V_30s)  and 
the  enhanced  dissolution  of  Pt  under  Pstep(1.4V_150s-0.60V_30s). 
The  degradation  mechanisms  for  Pt/C  under  the  conditions  of 
Pstep(1.4V_150s-0.85V_30s)  and  potential-static  holding  at  1.2  V 
and  1.4  V  are  similar,  which  is  through  the  coalescence  process. 
They  are  almost  equal  in  evaluating  the  durability  of  electro¬ 
catalyst  support  materials.  And  the  degradation  of  Pt/C  under 
Pstep(1.4V_150s-0.60V_30s)  is  mainly  through  the  dissolution/loss 
and  dissolution/redeposition  process.  The  difference  in  the  degra¬ 
dation  mechanisms  is  attributed  to  the  chemical  states  of  Pt 
nanoparticles:  Pt  dissolution  was  alleviated  by  the  protective 
oxide  layer  under  Pstep(1.4V_150s-0.85V_30s).  The  electrochem¬ 
ical  stressing  method  of  Pstep(1.4V_150s-0.85V_30s)  can  be  used 
for  fast  screening  durable  catalyst  support  materials. 
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